Semipolar InGaN / GaN multiple quantum wells ͑MQWs͒ were fabricated on the ͕1011͖ facets of GaN pyramidal structures by selective area epitaxy. Optical properties of the MQWs were investigated by photoluminescence ͑PL͒ in comparison with ͑0001͒ MQWs. Compared with ͑0001͒ MQWs, the internal electric field in the ͕1011͖ MQWs was remarkably reduced, the PL peak redshifted monotonically with the increasing temperature, and the internal quantum efficiency was estimated to be improved by a factor of 3. These results suggest that the ͕1011͖ planes are promising for improving the performance of III-nitride light emitters owing to their surface stability and suppression of polarization effects. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2720302͔ Semiconductor III-nitride heterostructures are important for light emission in the ultraviolet and visible ranges.
Semiconductor III-nitride heterostructures are important for light emission in the ultraviolet and visible ranges.
1 Typical III-nitride based light emitting structures with InGaN / GaN quantum wells ͑QWs͒ are grown along the strongly polarized ͓0001͔ direction. 2 The associated quantum-confined Stark effect ͑QCSE͒ reduces the overlap between the electron and hole wave functions and results in the reduction of the internal quantum efficiency ͑IQE͒.
3 The QCSE strongly depends on the crystallographic orientation. In nonpolar and semipolar QWs, QCSE can be completely or partially eliminated which can potentially enhance the performance of light emitting devices. Experimental observation for the absence of QCSE in nonpolar AlGaN / GaN ͑1010͒ and ͑1120͒ QWs has been reported. 4, 5 A reduced QCSE has also been observed in ͕1122͖ and ͕1013͖ semipolar InGaN / GaN QWs. 6, 7 However, planar nonpolar and semipolar III-nitride films grown on ͑100͒ LiAlO 2 , r-and m-plane sapphire, or ͑100͒ MgAl 2 O 4 substrates still suffer from high density of threading dislocations and stacking faults. Alternatively, selective area epitaxy ͑SAE͒ is a promising technique in creating high quality semipolar ͕1011͖, ͕1122͖, or nonpolar ͑1120͒ facets on ͑0001͒ GaN. 8 Recently, optical studies on the ͕1122͖ InGaN / GaN QWs grown by SAE were reported. 9, 10 One drawback of ͕1122͖ planes is that they are not thermodynamically stable under the InGaN growth conditions and QWs grown on these planes can be quite nonuniform. On the other hand, semipolar ͕1011͖ facets, forming an angle of 62°to the ͑0001͒ plane, exhibit reduced QCSE and are thermodynamically stable under metal-organic chemical-vapor deposition ͑MOCVD͒ growth conditions. 8, 11 In this letter, we study the optical properties of the high quality semipolar ͕1011͖ InGaN / GaN QWs fabricated by the SAE technique. The sample preparation procedures are as follows: First, a 50 nm thick SiN mask was deposited on a 1.5 m thick MOCVD-grown GaN film. Circular openings with a diameter of 4 m and spacing of 30 m were formed on the SiN mask using photolithography and wet etching with buffered HF solution. The hexagonal pyramidal GaN structures were overgrown on the as-patterned sample. The pyramids have six equivalent semipolar ͕1011͖ sidewalls 8 on which fiveperiod InGaN / GaN multiple QWs ͑MQWs͒ were subsequently grown. Schematic and the scanning electron microscopy ͑SEM͒ images of the structure are shown in Figs. 1͑a͒ and 1͑b͒, respectively. The InGaN / GaN MQW structure was also prepared on the ͑0001͒ GaN as a reference sample. The ͑0001͒ InGaN well thickness and indium composition were measured by x-ray diffraction to be 3 nm and 12%, respectively. For the ͕1011͖ MQW growth, the temperature varied from 750 to 800°C and the InGaN well width varied from 3 to 5 nm. The GaN barrier thickness was kept at three times of the well width. Photoluminescence ͑PL͒ measurements were performed using a He-Cd laser at a wavelength of 325 nm focused down to a spot size of approximately 100 m on the sample which covers about ten identical pyramidal structures. from the nominal GaN band edge was reported in Ref. 12 in a similar structure. Each PL spectrum in Fig. 2 is dominated by a blue InGaN MQW emission. The spectrum with the highest peak energy ͑2.78 eV͒ is from the 3 nm MQW sample grown at 770°C. With the well thickness increased to 5 nm, the PL peak energy shifts to 2.68 eV. When the growth temperature of the MQWs decreases to 750°C, the PL peak energy of the 5 nm MQW sample shifts to 2.57 eV, which is a result of an increased indium composition in the MQWs. 13 It is worthwhile to note that the ͕1011͖ InGaN / GaN MQWs are uniform and possess only one luminescence peak. This is in contrast with the ͕1122͖ InGaN / GaN QW grown on the GaN stripes using SAE in which case broader and multiple peaks of PL are observed along the facet, which originate from the instability of ͕1122͖ facets under InGaN growth conditions. 10, 14 On the other hand, the ͕1011͖ planes in wurtzite GaN are thermodynamically stable under typical GaN growth conditions. They are even more stable at a higher growth pressure and a lower growth temperature, which are generally applied to the InGaN / GaN MQW growth. 8 Consequently, the InGaN MQWs with uniform thickness and indium composition can be fabricated on these inclined semipolar ͕1011͖ facets and the optical properties of the InGaN MQWs are relatively easy to control by adjusting the MOCVD growth conditions.
To investigate the effect of crystal orientations on the internal electric field ͑IEF͒ in the InGaN / GaN MQWs, excitation power dependent PL measurement was carried out on both ͕1011͖ and ͑0001͒ InGaN / GaN MQWs at RT. Figure 3 shows the PL peak energy as a function of the excitation power density for both kinds of MQWs. With the excitation power density increased from 2.0 W / cm 2 to 2.5 kW/ cm 2 , the PL peak energy of the ͑0001͒ MQWs exhibits a large blueshift of 80 meV. On the other hand, the PL peak energy of the ͕1011͖ MQWs exhibits a blueshift of only 12 meV in the same range of excitation power density variation. The large blueshift in the ͑0001͒ InGaN / GaN MQWs is a result of the strong QCSE due to a large IEF. When the carrier density increases with the excitation power density, screening of the IEF will induce a blueshift of the PL peak. The relatively stable emission energy from the ͕1011͖ MQWs under a wide range of excitation power densities clearly shows that the QCSE in these MQWs is greatly reduced.
In Fig. 4 , the temperature dependences of the PL peak energy for both ͕1011͖ and ͑0001͒ InGaN / GaN MQW samples are shown. All samples were measured under an optical excitation density of 2.5 kW/ cm 2 . In ͕1011͖ MQWs, the emission peak energies decrease monotonically with increasing temperature. Based on the Varshni model, the temperature dependent emission energy E͑T͒ could be described by the expression E͑T͒ = E͑0͒ − ␣T 2 / ͑T + ␤͒, where E͑0͒ is the energy gap at zero temperature and ␣ and ␤ are Varshni's fitting parameters. The solid lines are the fitting curves based on Varshni's model which show good agreement between the experiment and the theory. The fitted parameters are given in Fig. 4 . In ͑0001͒ MQWs, the PL peak energy exhibits 15 and is caused by an anomalous blueshift of PL peak energy at around 100-150 K. This anomaly in the ͑0001͒ InGaN / GaN QWs is believed to originate from localized tail states induced by inhomogeneous distribution of indium in InGaN layers, 15, 16 or from the QCSE induced by a large IEF, 17 or from the combination of both effects. 18 Because of the same deposition conditions used for both the ͑0001͒ and ͕1011͖ InGaN / GaN MQWs, the indium compositions in both kinds of MQWs are estimated to be comparable, but the PL temperature dependences are quite different. The absence of anomalous PL temperature dependence in the ͕1011͖ MQW sample which has a reduced IEF may suggest that the QCSE plays an important role in the anomalous dependence of ͑0001͒ MQWs. Another possible explanation to the results shown in Fig. 4 is that the localization effect induced by inhomogeneous distribution of indium in the ͕1011͖ InGaN QWs is weaker than that in the ͑0001͒ QWs. The different crystalline orientations, i.e., ͑0001͒ and ͕1011͖, of GaN have different surface polarities and stabilities of surface atoms, 19 which may influence the indium distribution in the InGaN QWs during MOCVD growth. For example, the time-resolved PL studies of the ͕1122͖ InGaN QWs show the independence of carrier dynamics from the indium composition and the wavelength within the PL spectrum, which are quite different from the case for ͑0001͒ QWs. 6, 10 The study of the carrier dynamics of semipolar ͕1011͖ MQWs will be reported in a separate paper. The IQE of InGaN / GaN QWs can be evaluated by integrating the PL intensity by assuming that the IQE is 100% at low temperature. Figure 5 shows an Arrhenius plot of the normalized integrated PL intensity for the InGaN / GaN MQWs in the temperature range of 10-300 K. Although the growth conditions are not fully optimized yet, the IQE is estimated to be around 27.2% for the ͕1011͖ InGaN MQWs at RT, which is about three times as high as that of the reference ͑0001͒ InGaN MQWs. These data confirm again that the suppression of QCSE can potentially greatly improve the performance of light emission from III-nitride MQWs.
In summary, optical properties of the semipolar ͕1011͖ InGaN / GaN MQWs grown by SAE were investigated. The emission wavelength of the MQWs can be well controlled by adjusting the MOCVD growth parameters and the IEF was remarkably reduced in comparison with the ͑0001͒ MQWs. The emission peak energy decreases monotonically with increasing temperature which agrees with Varshni's model and does not exhibit anomaly as in the ͑0001͒ MQWs. The IQE of the semipolar MQWs is about three times as high as that of the ͑0001͒ MQWs. Our experimental results suggest that semipolar ͕1011͖ structures fabricated by SAE are promising for high performance III-nitride light emitters.
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